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The identity of the receptors that mediate alphavirus entry into host cells has been elusive. In this issue of
Cell Host & Microbe, Rose et al. (2011) use a Drosophila RNAi screen to identify NRAMP, an iron transporter
with 12 transmembrane domains, as a receptor for Sindbis virus in both insect and mammalian cells.Enveloped viruses infect cells by a
membrane fusion reaction that delivers
the viral genome into thecytoplasm.Acrit-
ical initial step in infection is the binding of
the virion to a receptor on the surface of
the host cell. This virus-receptor interac-
tion is a key determinant of viral host
range, tissue tropism, and pathogenesis
and influences whether membrane fusion
occurs at the plasma membrane or after
uptake by cellular endocyticmechanisms.
The enveloped alphaviruses include
emerging viral pathogens such asChikun-
gunya virus, which has caused recent
outbreaks in India, andwell-characterized
viruses such as Sindbis virus and Semliki
Forest virus (Kuhn, 2007). Alphaviruses
are disseminated by mosquito vectors
and replicate efficiently in a wide variety
of insect and vertebrate cells. They
contain a nucleocapsid corewith the posi-
tive-sense RNA genome, surrounded by
a lipidmembranewith a latticeworkof het-
erodimers of the transmembrane E1 and
E2 proteins. Alphaviruses enter cells by
clathrin-mediated endocytosis (Kielian
et al., 2010). The low pH of the endosome
triggers conformational changes in the E1
protein that drive the fusion of the viral and
endosome membranes.
Alphavirus-receptor binding is medi-
ated by the E2 protein (Kielian et al.,
2010; Kuhn, 2007). Early studies showed
that virus binding to the cell surface is
saturable and sensitive to protease diges-
tion of the target cells. The ability of the
virus to infect both insect and vertebrate
cells suggests the existence either of
multiple receptors or of a broadly distrib-
uted, conserved molecule. Proteins such
as the high-affinity laminin receptor can
promote infection, but it is not clear
whether they mediate endocytic uptake
or serve primarily to increase initial virus
attachment. Alphavirus infection can be
increased by heparan sulfate binding, but92 Cell Host & Microbe 10, August 18, 2011 ªthis effect is due to viral adaption to cell
culture and is not observed for circulating
wild-type viruses. Virus produced in insect
cells also attaches to DC-SIGN and
L-SIGN, which may aid in transmission
between insect and mammalian hosts.
Thus, the identity of the receptor(s) for
alphaviruses has remained outstanding.
To search for host factors involved in
Sindbis virus infection, Rose and
colleagues (Rose et al., 2011) carried out
a genome-wide RNAi screen inDrosophila
cells. Gene expressionwas knocked down
using a dsRNA library, cells were infected
with Sindbis virus, and infection was
scored bymicroscopy. Nine genes encod-
ing transmembrane proteins promoting
infection were identified, but only one was
conserved, ubiquitously expressed, and
reported to localize to the plasma
membrane. This protein was natural resis-
tance-associated macrophage protein
(NRAMP). The authors found that
Drosophila (d)NRAMP strongly promoted
the infection of Drosophila cells by both
lab-adapted and pathogenic strains of
Sindbis virus but did not affect infection
by the flavivirusWestNile virus or the rhab-
dovirus vesicular stomatitis virus. Infection
by the alphavirusRossRiver viruswas also
independent of dNRAMP, and chimera
studies demonstrated that the envelope
proteins were responsible for the Sindbis
NRAMP requirement. Flies homozygous
for a loss-of-function dNRAMP allele
showed lower Sindbis virus infection than
controls. The NRAMP requirement could
bebypassedbydirect transfectionofSind-
bis virusRNA into cells, suggesting that the
block to infection was at the entry step.
dNRAMP is a member of a family of
proteins that are conserved from bacteria
to humans (Nevo and Nelson, 2006).
These proteins are predicted to have 12
transmembrane domains with the N and
C termini in the cytoplasm. Eukaryotic2011 Elsevier Inc.NRAMPs are involved in proton-coupled
transport of divalent metal ions including
iron across the plasma membrane and
the internal phagosome or endosome
membranes. There are twoNRAMPgenes
in mammals. NRAMP1 is expressed
mainly in the phagosomal membrane of
macrophages, while NRAMP2 (also
known as DMT1, DCT1, SLC11A2) is
ubiquitously expressed at the plasma
membrane and in endosomes. NRAMP2
expression is regulated by high iron con-
centrations, which decrease mRNA levels
(Eisenstein, 2000) and also cause internal-
ization and degradation of the cell surface
protein (Foot et al., 2008). Rose et al.
(2011) used this sensitivity to iron as
a tool todownregulateNRAMPexpression
in both mosquito and mammalian cells.
Infection by several Sindbis virus isolates
was attenuated in iron-treated mosquito
and mammalian cells, and binding was
reduced in iron-treated U2OS cells, sug-
gesting that NRAMP is also a receptor in
both mosquitoes and mammals. As a
more direct test, deletion of NRAMP2 in
mouse embryo fibroblasts decreased
primary virus infection by up to 50-fold.
Definitive evidence that a protein acts
as a virus receptor includes demonstra-
tion of direct binding between the relevant
viral protein and the cellular partner,
which can be a tall order for a multispan
membrane protein such as NRAMP2.
Here Rose et al. (2011) showed that
NRAMP2 could be coprecipitated with
Sindbis virus. The structure of alphavirus
E2 has been recently defined and used
to map the locations of several residues
involved in receptor binding (Li et al.,
2010; Voss et al., 2010). This information
plus characterization of the extracellular
regions of NRAMP2 may aid in future
direct binding studies of E2 and NRAMP2.
The efficient fusion of Sindbis virus with
protein-free liposomes supports a model
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and delivery to the endosome while low
pH provides the critical fusion trigger. This
may explainwhy theNRAMP2 requirement
in mouse cells was not more stringent. In
agreementwith the known alphavirus entry
pathway, NRAMP2 is internalized by cla-
thrin- and dynamin-dependent endocy-
tosis through a motif on the C-terminal
cytoplasmic domain (Lam-Yuk-Tseung
et al., 2005). The use of NRAMP trafficking
mutants and virus-NRAMP colocalization
studies can now provide important
avenues to further characterize the role of
the receptor in alphavirus entry and fusion.
The identification of NRAMP2 as a re-
ceptor for Sindbis virus suggests exciting
directions for future studies. It will be very
interesting to characterize the role of
NRAMP in an in vivo mammalian system.
This is complicated by the fact that
NRAMP2 knockout mice die shortly after
birth and that naturally occurring functional
mutations cause severe iron deficiency
and anemia (Gunshin et al., 2005; Lam-
Yuk-Tseung et al., 2005). It is possible
that tissue-specific knockouts will allowstudies of viral infection, tropism, and
pathogenesis. Can the NRAMP1 protein
serve as a receptor in some cell types?
What is the importance of the observed
isoforms of NRAMP2, and does iron avail-
ability play any role in Sindbis virus infec-
tion?Given the lack of alphavirus vaccines
and antiviral therapies, it will be important
to determine if a specific receptor-E2 inter-
actioncouldbeexploited forpotential ther-
apeutics. Receptors remain undefined for
other important alphavirus and flavivirus
pathogens. The Drosophila RNAi ap-
proach described here may prove useful
for other viruses with a broad host range.ACKNOWLEDGMENTS
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The pathogen Candida albicans can occupy both the bloodstream and gastrointesintal (GI) tract, niches
thatdiffer in ironavailability.Chenetal. report thatadistinct transcription factor,Sef1,alters theconserved fungal
iron regulatoryparadigm.Sef1 ispivotal forbloodstream infection,butcontributes toGI tractcolonizationaswell.All organisms must strike a balance with
the essential metal, iron. Too little, and
core metabolic processes such as the
TCA cycle and respiration shut down. Too
much, and toxic oxygen radicals aregener-
ated. For this reason, iron acquisition and
utilization genes are generally tightly regu-
lated. This regulation is of particular impor-
tance for organisms that shuttle between
environments that differ in iron availability,
such as the few prospective pathogensthat can move from the mammalian gut
(iron replete) into the bloodstream (iron
limited). In this issueofCellHost&Microbe,
a report fromChenet al. (2011)dissects the
iron regulatory system of one such fungal
pathogen, Candida albicans, in detail. The
novel architecture of the regulatory system
reflects the distinct demands of the organ-
ism’s two niches (Figure 1).
In many fungi, iron acquisition genes are
repressed by a GATA family transcriptionfactor, represented by C. albicans Sfu1
(Lan et al., 2004), to prevent toxicity in
iron-replete conditions. Typically, the SfuI
homolog is transcriptionally repressed
by a CCAAT-binding repressor, repre-
sented by C. albicans Hap43 (Baek et al.,
2008; Chen et al., 2011; Hsu et al., 2011;
Singh et al., 2011), that is functional in
iron-limited conditions. Hence, iron-limited
conditions permit iron acquisition gene
expression through repression of their0, August 18, 2011 ª2011 Elsevier Inc. 93
